Mergers of compact stellar remnant are prime targets for the LIGO/Virgo gravitational wave detectors. One hopes that the gravitational wave signals from these merger events can be used to study the mass and spin distribution of stellar remnants, and provide information about black hole horizons and the material properties of neutron stars. However, it has been suggested that degeneracies in the way that the star's mass and spin are imprinted in the waveforms may make it impossible to distinguish between black holes and neutron stars. Here we show that the precession of the orbital plane due to spin-orbit coupling breaks the mass-spin degeneracy, and allows us to distinguish between standard neutron stars and alternative possibilities, such as black holes or exotic neutron stars with large masses and spins.
Introduction. Compact stellar remnant mergers are the main targets of the advanced gravitational wave (GW) detectors aLIGO [1] and aVirgo [2] , with predicted rates between a few and a few hundred per year at full design sensitivity [3] . These systems take tens of minutes to sweep through the sensitive band of the detectors, entering the band at ∼ 10 Hz, and terminating in the kHz range with a violent merger lasting just a few milliseconds.
The final stages of the inspiral and merger proceed differently for black holes (BHs) and neutron stars (NSs), and in principle, this should allow us to identify the make-up of the system from the GW signal alone. However, the number of GW cycles in the signal and the aLIGO/aVirgo sensitivity fall off rapidly with increasing frequency, meaning that there is very little information available past ∼ 500 Hz. Probes of BH physics and the equation of state of NSs will likely require the stacking together of multiple detections [4, 5] . The detection of an electromagnetic counterpart to the GW signal, such as a short-hard gamma-ray burst, would indicate that at least one of the bodies was a NS, but beaming effects make detecting a counterpart unlikely for the majority of mergers [3] . Absent a counterpart, we must rely on the early inspiral signal to extract information about the make-up of the binary, which poses a challenge since finite size effects are completely negligible during inspiral. All we have to go on to decide the composition of the binary are then the values of the masses and spins inferred from the inspiral signal.
General arguments based on stability and causality limit the mass and spin of NSs to the range M ∈ [0.1M , 3.2M ] for the mass and χ ∈ [0, 0.7] for the dimensionless spin magnitude, i.e. χ ≡ | S|/M 2 , where S is the spin angular momentum. Realistic equations of state yield a tighter mass range M ∈ [1.0M , 2.5M ]. The observed range of masses and spins is somewhat tighter: There is currently some debate as to the existence of a mass gap between NSs and BHs, but for the purpose of determining whether a normal NS could be misidentified as a BH or an exotic NS, the existence of a gap is moot. The early inspiral phase of a compact binary merger can be modeled analytically by expanding Einstein's equations in powers of the ratio of the orbital velocity to the speed of light, the so-called post-Newtonian (PN) approximation [7] . This ratio is naturally small during the inspiral, with v/c of O(7%) when the system enters the detector sensitivity band, reaching approximately 40% by contact. The PN approximation will become less accurate as the system evolves through the band, eventually breaking down at the end of the inspiral phase. As all forms of energy couple to gravity, both the masses and spins leave an imprint on the binary orbit and the GWs emitted. The coupling between spin and orbital angular moment in compact binaries can strongly affect the orbital trajectory and the GWs emitted in the inspiral phase.
The PN approximation can be used to construct a model of the GWs emitted during the inspiral, which plays a critical role in the estimation of parameters given a signal. The combination of such an analytic model with a model for the instrument response yields templates for the signals seen in the detector. Subtracting the model from the data produces a residual, and demanding that the residual is consistent with a model for the instrument noise defines a likelihood function. From this likelihood function and our prior knowledge we can derive a posterior distribution for the model parameters that are consistent with the observed data. It often happens that there are strong covariances between the model parameters, which can severely limit our ability to measure each Recent work [8] has suggested that the degeneracy between mass and spin may make it impossible to distinguish between a NS binary and a BH binary. This result hinges on a simplified waveform model that assumes that the spin and orbital angular momenta are perfectly aligned, and thus, spin-orbit induced precession [9, 10] is absent. However, we have no reason to expect the spin and orbital angular momenta to be aligned in stellar remnant binaries. Indeed, the NS binaries observed at much longer orbital periods are far from being aligned and are strongly precessing. References [8] and [11] hypothesized that spin precession would not significantly alter the conclusions drawn using spin-aligned waveforms. We have tested this hypothesis and come to a different conclusion: spin precession adds additional richness to the signals that almost completely breaks the mass-spin degeneracy, producing an order-of-magnitude improvement in the extraction of the individual masses and spins, and thus allows us to distinguish between NSs and BHs. We show that normal NS binaries will not be mistaken for BHs or exotic NSs, but we cannot rule out the possibility that some exotic NSs or low mass/low spin BHs may be mis-identified as normal NSs.
Methodology. We employ Bayesian inference [12] [13] [14] to study how much astrophysical information can be extracted from a detected signal using different waveform templates. In particular, when comparing models, we compute the so-called Bayes Factor (BF), which represents the betting odds in favor of one model or another. We compute BFs through Markov-Chain MonteCarlo (MCMC) techniques, as described in [12] [13] [14] , with the high-power, zero-detuned noise spectral density of aLIGO [15] . We consider only the inspiral phase, from 10 Hz up to 400 Hz, at which point NS tidal deformations cannot be neglected any longer; extending the analysis beyond 400 Hz would only strengthen the conclusions obtained here. With these hypothesis testing tools and assuming a GW detection, we will address the following questions:
1. Can one distinguish between NS binaries and lowmass, small-spin BH binaries?
2. Can one distinguish between non-spinning and spinning binaries?
3. Can one distinguish between an astrophysically "normal" and an "exotic" NS binary with large masses?
All of the data analysis questions we wish to address require a waveform template that can accurately represent the GWs emitted during the quasi-circular inspiral of spin-precessing, compact binaries. Previous studies were limited to spin-aligned systems [8, 11] , as until recently, these were the only systems for which fast, analytic frequency domain waveforms were available. We have recently derived an analytical representation of precessing systems by noting that, during the inspiral of systems with small spin magnitudes, three intrinsic scales separate: the orbital timescale is much shorter than the precession timescale, which in turn is much shorter than the radiation-reaction timescale [16, 17] . Such a separation of scales allows us to solve the orbital precession equations analytically through multiple-scale analysis, a technique widely used in a variety of fields, from quantum field theory to aeronautics [18] . Once the orbital motion has been analytically computed, the Fourier transform of the waveform can be constructed through the stationaryphase approximation [19, 20] .
The usefulness of any waveform template hinges on its accuracy relative to the true signal. In [17] , we compared these analytical templates to "exact" numerical solutions, found by numerically evolving the PN precession equations, using these to numerically solve the orbital evolution and GW equations and then calculating the Fourier transform of the waveform discretely. We found that the analytical templates are in fact highly accurate for all plausible NS spin magnitudes. In particular, we found the integrated cross-correlation (the so-called match) to be well above the 98% threshold required for GW data analysis [see e.g. Fig. (1) of [17] ]. This match was not maximized over template parameters, but rather it is a "bare" measure of the similarities between the analytical and numeral templates over the detector's sensitivity band, sometimes called the faithfulness [21] .
Distinguishing between NSs and BHs. We simulated four different non-spinning systems with masses (3.2, 3.18), (2.01, 1.99), (1.36, 1.34), (1.01, 0.99) in solar masses and attempted to recover them with nonspinning [22] , spin-aligned [23] [24] [25] [26] , and the new, analytical spin-precessing waveform templates [17] . 2 is determined. For waveforms where spin is included, the partial degeneracy between spin and mass ratio enlarges the 90% confidence region.
How well the chirp mass and the mass ratio can be measured depends on the particular template used. Figure 1 shows the spread in the recovered masses: nonspinning templates lead to the smallest spreads, but at the cost of large systematic biases; spin-aligned templates measure the mass ratio with a larger spread, due to degeneracies between these parameters and the spin-magnitudes; the inclusion of spin-precession partly breaks the correlations between masses and spins, which then translates into an improvement in the accuracy of the mass extraction that resembles what one would obtain with non-spinning templates (similar results are found when one injects signals with non-zero spin [27] ). The result can be understood from the spin-precessing templates having 4 additional parameters (the 4 spin angles) relative to the spin-aligned ones, making it much less likely that templates with high mass or high spin can match the simulated signal.
By breaking the degeneracy between masses and spin magnitudes one obtains much better accuracy in the extraction of the masses, which in turn implies one would be able to distinguish between NS binaries and low-mass, small-spin BH binaries. This is not the first time that the inclusion of spin-precession in waveform templates has been shown to improve parameter extraction dramatically [28] [29] [30] , relative to spin-aligned templates [25] . One such case occurred when studying the accuracy to which GWs could place bounds on the graviton mass given a GW detection. The initial studies used non-spinning templates to derive a projected bound on the mass of the graviton [31, 32] , but the inclusion of spin with spinaligned templates deteriorated these projected bounds by up to an order of magnitude [33] . Once spin-precession effects were taken into account [34] , however, the projected bounds improved again, resembling (yet slightly worse than) the initial results with non-spinning templates. A similar story played out for projected bounds on the Brans-Dicke parameter [35] , and our study is yet another example of this phenomenon.
Distinguishing between non-spinning and spinning binaries. Before we can discuss distinguishability between spinning and non-spinning systems, we must understand 
Observe that the mass-spin correlation is far more pronounced for the spin-aligned model (black) than for the spin-precessing (red) waveform model. how spin enters the waveform templates. For systems with similar component masses, spin first enters through the effective spin parameter χ eff ≡ (χ 1 ·L+χ 2 ·L)/2, wherê χ 1,2 ≡Ŝ 1,2 /m 2 1,2 ,Ŝ 1,2 is the unit spin angular moment of the binary components andL is the unit orbital angular momentum, i.e. through the symmetric spin combination projected onto the orbital angular momentum. Not surprisingly, this is the parameter that can be extracted most accurately, just like the chirp mass can be much better measured than the symmetric mass ratio. In this case, however, a measurement of χ eff only provides information about the component of the spin angular momentum along the orbital one. Measuring the perpendicular components of the spin angular momentum would require observing higher PN order effects, which are difficult to extract with the signal-to-noise ratios (SNRs) expected with aLIGO.
We will tackle the distinguishability of spinning and non-spinning systems as a model selection problem [4, [36] [37] [38] [39] [40] . We compute the BF between non-spinning and spinning models, using spin-aligned and spin-precessing templates, where BF > 1 will indicate the data favors the spinning model. Figure 3 shows the BFs as a function of the injected χ eff for aLIGO injections with SNR of 10 and 20. Observe that for the same SNR the spin-precessing template is favored by the data over the non spinning model at a lower value of injected χ eff . The details of this calculation will be presented elsewhere [27] .
The ability of the aligned model to extract spins from a detected signal agrees with previous results that spinaligned templates might be adequate for the detection of some spinning binaries. However, in order to fit injected precessing signals, the aligned model is forced to introduce large biases in its recovered parameters. Indeed, we find that for spin-precessing injections, the use of spinprecessing templates results in an estimated extraction error for χ eff of about ±0.02 (at 68% confidence), while the use of spin-aligned templates leads to error of about ±0.2. Thus, although spin-aligned templates may be able to distinguish between spinning and non-spinning injections, they would not be able to measure χ eff nearly as well as when using spin-precessing templates.
Distinguishing between normal and exotic NS binaries. Let us finally consider whether degeneracies between the masses and spins could result in a false detection of a NS, i.e. a detection of a NS with parameters outside those expected from astrophysical considerations. We define a normal NS binary as one with m 1,2 ∈ [1, 2.5]M and χ eff ∈ [−0.05, 0.05] and an exotic NS as one that is not normal. We could have chosen different values for the boundaries in m 1,2 and χ eff , but these are consistent with current astrophysical considerations, and the results would not be qualitatively changed if we picked other values. Notice that a χ eff in that range does not guarantee a χ 1,2 ≤ 0.05, due to the effect of the projection along the orbital angular momentum. Nonetheless, a detection of a system with χ eff ≥ 0.05 would unambiguously imply the system possesses χ 1,2 ≥ 0.05. of the signal as a "normal" NS binary, when in reality it was an exotic system.
Conclusions. We showed that the inclusion of spinprecession in waveform templates can solve some of the main model selection problems that the community thought would arise with the first GW detections. The additional information contained in spin-precessing templates allows for the breaking of degeneracies between the system's individual masses and spins, and thus, a much better measurement of these quantities. In turn, this implies that one would be able to distinguish between NS binaries and low-mass, small-spin BH binaries, as well as measure the NS spins to roughly 2% absolute accuracy, an order of magnitude better than with spinaligned templates. Finally, we demonstrated that a precessing template with SNR larger than 10 will not lead to a false alarm detection of exotic NSs, but, on the contrary, can result in a true detection of an astrophysically unexpected spinning object.
The conclusions arrived at with this study have deep implications and are of interest to a wide sector of the gravitational physics and astrophysics communities. Until now, it was believed that the first GW observations of low-mass, small-spin compact binaries would not allow for a positive identification of the type of system detected (a NS or a BH binary), nor a measurement of the component's individual spins. Being able to identify the system and measure its spin opens the door to population studies with the first GW detections, as well as coincident studies between the electromagnetic detection of short gamma-ray bursts and GWs. Indeed, if such a coincident observation is made, being able to identify the source from purely GW observations as a NS or a BH binary would prove invaluable.
